The problem of bottlenecks is a key issue in optimising and increasing the efficiency of manufacturing processes. Detecting and analysing bottlenecks is one of the basic constraints to the contemporary production enterprises. The enterprises should not ignore problems that significantly influence the efficiency of the processes. People responsible for the proper course of production try to devise methods to eliminate bottlenecks and the waiting time at the production line. The possibilities of production lines are limited by the throughput of bottlenecks that disturb the smoothness of the processes. The presented results of the experimental research show the possibilities of a computer simulation as a method for analysing problems connected with limiting the production capacity. A computer-assisted simulation allows for studying issues of various complexities that could be too work-consuming or impossible while using classic analytical methods. The article presents the results of the computer model analysis that involved the functioning of machinery within a chosen technological line of an enterprise from a sanitary sector. The major objective of the paper is to identify the possibility of applying selected simulation tool while analysing production bottlenecks. An additional purpose is to illustrate the subjects of production bottlenecks and creating simulation models. The problem analysis involved the application of the software Tecnomatix Plant Simulation by Siemens. The basic methods of research used in the study were literature studies and computer simulation. K E Y W O R D S computer simulation, production process, bottleneck, simulation model,
Introduction
Contemporary production is characterised by a wide selection of products, reduction of the product's life cycle, production costs and the time span between designing and launching products (Weiss, 1998) . A constantly shortened cycle of the product's life caused by strong competition and changing requirements of customers, force producers to identify weak points of production processes and implement changes aimed at improving their operation. It can be stated with high probability that every production process allows for some limitations to the manufacturing capacity of the enterprise since the existence of a bottleneck is the main factor affecting the efficiency of the production line and management (Liu & Lin, 1994; Chiang et al., 2001) . Every enterprise can face constraints limiting the obtained revenue. The Theory of Constraints (TOC) assumes that every system has one basic limitation that influences the efficiency of the system in a given period (Chlebus, 2000; Goldratt et al., 2004) . Localising bottlenecks is a key issue of production systems. Studying production bottlenecks is also a regular subject matter of scientific research. Production bottlenecks lead to various consequences. They can cause two major problems in a production process. Firstly, if the capacity of the assembly line does not suffice to meet the demand, an enterprise may lose its customers. Secondly, if the surplus of stocks is accumulated before the workstations of the bottleneck, this breeds additional costs connected with storing.
The development of computer science and the enormous computing power boost the increasing popularity of simulations that use appropriate software to project changes on real objects and situations before making any changes. The advancing computer simulation technology is gaining importance and becoming one of the most significant elements of production management. The reason behind this development is the necessity for companies to solve increasingly complex production problems as soon as possible. The development of programs for the simulation of processes makes it possible to use them in any enterprise, regardless of the profile. This software is used e.g. in the cells of the design, management and storage (Zdanowicz, 2007) . The construction of a simulation model is a difficult task and requires a lot of information about the real process.
Simulation models allow evaluating different variants of production and their effectiveness. In addition, the simulation allows to use new strategies and procedures, verification of the production in the revised system, locate bottlenecks in the flow of materials, increase productivity while reducing inventory and reduce the cost of the implemented changes (Hromada & Plinta, 2000) .
Literature review
Literature provides many definitions of bottlenecks, though most of them cannot be applied in general (Wang et al., 2005) . According to one of the definitions referring to production, a bottleneck is an element of a production process, where every resource that must be used to maximise production, is used in 100% (Durlik, 1995) . A one-hundred-percent use of the production capacity of a given workstation breeds a considerable threat to the effectiveness of production processes. A workstation, being a bottleneck, is characterised by the highest level of exploitation, which also means a high risk of failure. At the same time, it is also the main factor affecting the completion date concerning the entire production process (Koliński, 2010) .
A bottleneck is defined as a workstation limiting the production efficiency of the entire process (Betterton, 2012; Hsiao et al., 2010) . It is the enterprise's workstation or a production cell that is characterised by the lowest level of a specific production parameter among all co-participating parameters in the manufacturing process. This can lead to a situation, in which a workstation before the bottleneck completes processing, but it cannot forward materials, as the workstation that follows it, being the bottleneck of the process, is still engaged in processing earlier orders. Bottlenecks can also extend the time of the standstill in the processes occurring at subsequent stages (Li, 2009) , prolonging the waiting time for further orders. Bottlenecks mark the pace of the entire process. All definitions are consistent in one sense -bottlenecks have an adverse effect on the efficiency of production systems, the flow of materials in the process as well as even burdening of workstations (Kuo et al., 1996) . Figure 1 presents the idea of bottlenecks. Improving the functioning of workstations that delay the production is a crucial issue. However, it should be noted that before taking action aimed at improving the operation of workstations defined as bottlenecks, it becomes crucial to identify their precise location.
Identifying a bottleneck in the system is the first stage of managing constraints according to the Theory of Constraints (Goldratt et al., 2004) . It involves localising the system's limitations. The following are other stages of managing constraints that can also be used in the analysis of computer-assisted simulation models:
• Making a decision on the manner of using a bottleneck; • Subordinating all other operations to the decisions made in stage two; • Eliminating the system's bottleneck; • Returning to stage one (if it was possible to eliminate the bottleneck) and preventing the limiting effect of inertia.
As every system has its constraints, the identification and elimination of some of them results in the occurrence of the new constraints that replace the old ones. The procedure of a five-stage system management is sequential and continuous.
The literature identifies many methods of detecting production bottlenecks. However, there are still no expanded elaborations and case studies that use digital simulation models in that respect (Kliment et al., 2014; Leporis & Králová, 2010; Pawlewski & Fertsch, 2010; Siderska, 2016) . Therefore, the raised issue requires further studies involving diverse software. The developing computer simulation tools with increasing capabilities are an ongoing research challenge.
Research methods
Studying phenomena and processes is the aim of many research programmes. This involves the application of various methods, beginning with practical activities in the form of observations, and ending with theoretical analyses. Such procedures require a mathematical apparatus. In the contemporary world dominated by ICT tools, a computer simulation becomes an exceptionally significant and effective research method. It reflects the studied phenomenon or a process in the form of a computer program, also called a computer model, which is created with the use of a mathematical model (Gierulski et al., 2015) .
Simulation is an approximate imitation of a studied phenomenon or behaviour of a given system in the virtual space with the use of its so-called simulation model. A simulation model is based on a mathematical model frequently recorded in the form of a computer program. At present, many tools are available for conducting computer simulations that allow creating simulation models (Ciszak, 2007a) . Simulation models are used to reduce the risk of failure while implementing significant changes into the existing manufacturing systems. Upon generating the model, a simulation analysis is performed to determine particular elements of the process. The model of a studied system presents its properties, features and limitations as well as the manner in which the process in specific conditions takes place. Simulation, by means of adequate tools, allows for a respectively simple and cheap way of verifying different variants connected with the functioning of the processes (Glinka, 2012) .
With a view to the objective of the simulation, it can be divided into three types (Ignasiak, 1997) :
• a simulation aimed at understanding the principles of the functioning of the system and its properties that are difficult to distinguish based on a formal analysis; • a simulation aimed at facilitating decision-making within the functioning of the system; • a simulation, whose aim is to train decision makers concerning the functioning of the system. The simulation of production processes is a technique used for solving problems occurring during the manufacturing process. It is based on virtual models (Kłos & Patalas-Maliszewska, 2016) . As a method, a computer simulation is a system of research activities, i.e. a structure of stage activities aimed at achieving a research objective. The creation of a simulation model of a process is a multi-stage task (Gordon, 1974; Naylor, 1975; Law, 2008) . Figure 2 presents the seven-step approach to conducting a successful simulation study.
Modelling the production process involves the creation of a virtual manufacturing process that allows conducting a simulation and collecting statistics. Statistics facilitate conducting reports and comparing selected settings of the parameters that characterise workstations. Computer models can be freely improved, and further simulations can be applied to various variants and settings anticipated by the user.
Simulation studies are applied to and are used in many scientific fields (Nazarko, 2013; Halicka, 2016) . The application of a simulation in production processes constitutes a form of experimenting with a computer model. Its objective is to provide an answer to the question on how the production system will react to various situations, according to arranged scenarios. The application of simulation models allows for a more effective selection of manufacturing strategies by enterprises. Simulation models are typically used when it is impossible or very difficult to devise an analytical solution of a studied problem. This takes place in the case of analysing a dynamic behaviour of production systems and processes. An adequate selection of strategies and skilful management of chosen tools, including methods of computer simulation, allow and facilitate solving of problems that occur in the activity of an enterprise (Karkula, 2012) . Digital manufacturing fosters modelling and simulation any product. Thanks to the application of computer assistance, production enterprises can optimise manufacturing processes in terms of time, costs and the quality level. The inclusion of ICT into manufacturing processes is a common phenomenon. The creation of computer models allows analysing manufacturing processes, helps to localise their weak points, and creates possibilities for their improvement (Kikolski, 2016) .
Computer simulations are identified as the most popular tools for the analysis of the possibilities that optimise processes in production engineering. Conducting of computer simulations allows assessing whether the undertaking was properly designed and is conducted in an adequate manner. A simulation ensures a total, complex view of the studied process or product, facilitates a multi-criterion analysis and testing various scenarios (Siderska, 2016) . Modelling and digital simulations are used when it is too complicated or impossible to obtain a solution with analytical methods and experimenting with the real process within a production hall is too labour-or cost-intensive due to the enforced standstills in operation. Thanks to the application of the Plant Simulation tool, the analysis of chosen production processes is also possible at the stage of production design (Kikolski, 2016) . Modelling and simulation are also used in situations where it is impossible to achieve the required level of confidence while applying other methods. The level of confidence means a condition in which the manufacturing process proves assumptions that were ascribed to the virtual model. The simulation of production processes allows familiarising with the functioning of the studied object and its analysis. Among other things, the studied objects are procedures, operations, transportation, stations, distortions, and stocks. A simulation facilitates tracking the system's operation from several minutes to several years. Moreover, it makes it possible to control the established assumptions before their practical application. It also allows for an earlier detection of irregularities that may disturb production in the future (Ćwikała & Gołda, 2005) .
Case study
To verify theoretical assumptions, the analysis involved a case study, which incorporates modelling and computer simulation into the identification of a production bottleneck. It should be noted that the creation of a simulation model requires adequate knowledge of the modelled object. The success in applying a computer simulation for solving research problems resets in the proper creation of the model and the adequate execution of a simulation experiment. Creating a model of a production system and conducting a proper simulation experiment determine a successful application of a computer-assisted simulation into solving research problems. To create a production system, it is necessary to gather and map out the necessary information as well as input data. They identify the level of the quality, quantity and form. It is an initial stage, thanks to which it is possible to gain knowledge of the problem as well as acquire information on methods that can be used to solve it (Ciszak, 2007b) . It is also necessary to properly study the tools of the program that are to be used.
The research involved the use of the Siemens product Tecnomatix Plant Simulation, one of the tools available on the market for creating simulation models. The choice of the system is not the most important thing. The possibility of applying the system to selected problems should be noted. In addition, studies have used other systems for the simulation of production processes, which include (Ciszak, 2007a; Danilczuk et al., 2014) :
Plant Simulation choice is dictated by the availability of research version. The selected tool enables conducting simulations and product analysis throughout the entire manufacturing process. This ensures planning a sustainable production process prior to its implementation as well as conducting the analysis and optimising already existing processes. It combines the fields of technology, production engineering and logistics. It also includes issues related to planning and design, through simulation and verification of processes (Danilczuk et al., 2014; Plinta 2013) .
The aim is to achieve the simplest possible model; however, the prerogative is to devise a model that describes the activity of the modelled process with the highest precision (Małopolski, 2012) . Nevertheless, it should be noted that oversimplifications used in the creation of the model can lead to false results of the simulation, i.e. results that vary from the real state of the system in given conditions. To properly define the parameters of specific operations, it appeared necessary to conduct studies that involved gathering information during the active production hours within the production hall.
The model of a production system (Fig. 3) is based on an example of a real production department, with the use of Tecnomatix Plant Simulation software. The input data are determined based on the known technological data of the process and the data concerning material flow during production. It is particularly essential to reflect activities connected with the processing of individual components.
The project does not use energy and cost data, neither does it consider work performed by the employees. To achieve the objectives of the research paper, it is crucial to incorporate the elements of the production process that directly affect the time of performing tasks within the machine park.
Proper identification of basic properties of the system is crucial for achieving proper results of the analysis. The gathered information was used in creating virtual processes of manufacturing and defining their basic tasks. The creation of simulation models relied on approved assumptions concerning simula- The studied process involves four workstations and auxiliary infrastructure that is used for transporting semi-finished products. The analysis was conducted during one work shift (6:00-14:00), which was broken into two intervals of 30 minutes.
Research results
The simulation involved one product; therefore, the model did not require resetting machines at specific stations. All machines have a high (M1 and M3) or medium (M2 and M4) work coefficient. During an eight-hour-long simulation, the virtual model produced 541 units of products prepared for further production and assembly (not covered by the simulation). The Chart in Fig. 4 presents the results gathered during the simulation. It shows the percentage-based burdening of all stations that take part in a process.
An initial analysis of the chart leads to the conclusion that the station M3 is the bottleneck of the analysed process. The analysis of detailed data confirms that the bottleneck in the studied example is the station M3, which is used with 93.58% intensity, whereas the remaining time is devoted to breaks in the production that are planned in advance. It can be observed that the station M3 causes considerable standstills at the station M2, reaching 55.28% of the simulation time. Moreover, the identified bottleneck causes increased mid-operation stocks as well as gradual blocking of the station M2. It also enforces the waiting time for semi-finished products at the station M4.
Discussion of the results
The analyses required applying adequate software. They involved one of already available systems for designing and optimising virtual models of pro- Fig. 4 . Chart of efficiency for the basic model duction processes, identifying possibilities of its use in analysing production processes.
It should be emphasised that the operation of the lowest efficiency limits the efficiency of the entire production process, but also identifies its efficiency. A bottleneck is a resource that prevents from compensating for lagging behind or delayed production orders. It also determines the level of the integration of other workstation in the production process.
Some of the ways to solve problems of a production bottleneck are: introducing shift-based production, increasing the number of overtime, intensifying quality control before the bottleneck to eliminate the production rejected in the bottleneck, expanding the machine park or, ultimately, purchasing from the market the missing semi-finished products manufactured by the bottleneck. All of the above-enumerated solutions can be implemented in a basic model, extending its functionalities in terms of the selected auxiliary assumptions. Tests in the virtual environment facilitate a free configuration of the technological line, without interfering with the real process within the production hall, until the optimum solution that an enterprise can afford is chosen.
As the simulation in the presented case involves the course of one shift, it is not possible to increase the working time of specific stations to compare the basic to the extended model.
One of the solutions that can be implemented in the analysed model is expanding the production line by a parallel station of the work node M3, which is the bottleneck of the output process. The extended model is presented in Figure 5 . The parameters of workstations remained unchanged. The efficiency of the process, as compared to the basic model, increased from 541 to 826 units of the manufactured semi-finished product during an eight-hour-long shift. Figure 5 presents the chart that shows the efficiency of the analysed process upon changes made according to the alternative scenario that involves expanding the machine park. Detailed results are presented in Table 3 .
The introduced changes did not fully solve the problem of the bottleneck at the station M3, but they considerably improved the smooth operation of the entire production line. Firstly, the blocking of the machine M2 was considerably reduced, and the idleness of the machine M4 was eliminated. Machine M4 could prove to be the new production bottleneck in extended studies, though it does not affect the other objects of the process as much as the station M3 in case of the first scenario.
It should be noted that the described scenarios did not consider the costs of expanding and maintaining the machine park. The current model cannot identify if the obtained growth in production efficiency could balance the cost of expanding the production line. This fact necessitates further studies focused not only on the growth in the production efficiency, but also accounting for the costs of implementing changes and their cost-effectiveness.
Conclusions
The problem of a bottleneck is one of the core issues faced by production enterprises while, e.g., planning or optimising their production. The main problem in the case study was to find a production bottleneck with the use of a simulation model.
The article presents the analysis and assessment of the chosen production line in two versions. The studies facilitated an initial evaluation of the efficiency of specific elements in the process and the indication of its bottleneck.
The subject of the reported research was to develop a simulation model of the actual production line and examine the load of individual workstations. Developed simulation model allows the bottleneck location of the production process. The results of simulation studies have shown that one bottleneck exists in the reporting process at the station M3.
It interferes with the operation of the entire process, resulting in blocking of the work at the station M2 and forced to idle at the station M4. It has been proposed to improve the process, involving the extension of the parallel position at the point of detection of the bottleneck. The result of the expansion was mainly to increase the production capacity of the process and the vast reduction of the time of locking at the station M2 and expectations for components at the station M4. The analysed production line began to work smoothly.
The performed study confirms the possibility of applying Plant Simulation software in the analysis of simple production processes. The use of computer simulation tool allows to predict the work of the production line and provide some of the behaviour of systems. A wider scope research can provide an answer to the questions concerning the suitability of such solutions in the analysis of complex processes.
Using simulation tools does not exclude a traditional form of design. However, it may become a source of confirming the adequacy of a designed object. The application of a computer simulation for solving research problems relies on the proper creation of the model and adequate execution of a simulation experiment. The choice of the relevant tool for conducting a simulation is extremely essential. It is important that a given program has an adequate functionality in the sense of the simulation's objective.
It should be noted that the conducted analysis is only an example of using simulation models for the identification of bottlenecks and that it was focused on the part of the production process. Expanding research to encompass other elements of the process can affect the statistics of the efficiency of specific stations. 
